Due to an unprecedented worldwide growth of mobile data traffic, service providers are faced with the prospect of mobile data delivery costs outweighing revenues. An increasing number of operators have started to expand their cellular networks by offloading mobile data via WiFi. Beside WiFi offloading, key to the cost-effective deployment and operation of LTE-Advanced (LTE-A) heterogeneous networks (HetNets) will be the sharing of existent passive optical network (PON) based FTTx backhaul infrastructures to mitigate the backhaul bottleneck of 4G cellular networks. In this paper, we investigate smart WiFi offloading schemes for LTE-A HetNets enhanced by data-centric Ethernet based fiber-wireless (FiWi) broadband access networks, paying particular attention to the performance gains achievable through leveraging WiFi Direct device-to-device (D2D) communications capabilities among nearby mobile users for fast video file transfer.
INTRODUCTION
Global cellular communications networks are currently undergoing a paradigm shift due to an unprecedented worldwide growth of mobile data traffic driven by the popularity of smart phones and mobile-connected tablets running diverse applications, e.g., mobile video. Cisco reported that global mobile data traffic grew 70% in 2012, reaching 885 petabytes per month, and forecasted that global mobile data traffic will increase 13-fold between 2012 and 2017 [1] . As mobile data usage continues to grow, service providers are faced with the challenge of improving user experience levels while preventing dropped data sessions, slow network speeds, and subscriber frustration. As shown in Fig. 1 , service providers are also faced with the prospect of mobile data delivery costs outweighing revenues [2] . [2] .
Figure 1. Growth of mobile data costs and revenues
One of the most promising solutions to cope with the explosion of mobile data traffic is mobile data offloading, which refers to the use of complementary network technologies and innovative techniques to offload data traffic from cellular networks and thereby alleviate their congestion. Several mobile data offloading technologies exist. In this paper, we focus on so-called WiFi offloading since it offers the following benefits [3] : WiFi (i) comes as a natural solution for offloading due to the built-in WiFi capabilities of smart phones and tablets, (ii) provides significantly higher data rates than cellular networks, and (iii) allows data traffic to be steered from expensive licensed cellular frequency bands to free unlicensed WiFi frequency bands. Note that cellular and WiFi frequency bands do not overlap and thus do not suffer from interference, as opposed to in-band offloading technologies such as femtocells (i.e., small cellular base stations typically deployed for indoor use), which are widely deployed in 4G LTE-Advanced (LTE-A) heterogeneous networks (HetNets) [4] . At the downside, the coverage area of WiFi is much smaller than that of cellular networks. This shortcoming can be mitigated by means of WiFi mesh networks, which use intermediate mesh points as relay nodes to store and forward traffic from source to destination along multiple wireless hops. An increasing number of operators (e.g., AT&T, China Mobile, KT) have started to expand their access networks by including directly managed WiFi hotspots for mobile data offloading, since studies have shown that expanding networks using WiFi is significantly less expensive than a network rollout. Another interesting example of this trend is Deutsche Telekom's recently announced deal with crowd-sourced WiFi hotspot provider Fon, whose subscribers have signed up to mutually share their home broadband services to provide free "WiFi To Go" service on millions of hotspots worldwide (see also www.fon.com).
Beside WiFi offloading, key to the cost-effective deployment and operation of small cell networks, arising from the introduction of femtocells and WiFi hotspots to supplement existing macrocells, will be the sharing of already existing high-capacity FTTx backhaul infrastructures [5] . It was shown in [6] that by using so-called XG-PONs, which offer symmetrical data rates of 10 Gb/s, instead of point-to-point fibers, fiber backhaul deployment costs of 4G coordinated multipoint (CoMP) transmission and reception among multiple base stations, one of the important performance-enhancing features of the latest 3GPP LTE-A Release-11, can be reduced by up to 80%. Recently, AT&T has reported on their strategy to leverage existing passive optical network (PON) based fiber-to-the-node (FTTN) residential access network, right of way, and already installed powering facilities to provide inexpensive small cell backhaul [7] .
In this paper, we explore the benefits of enhancing LTE-A HetNets with FiWi broadband access networks, giving rise to unified FiWi-HetNets. In particular, we investigate ways to achieve smart WiFi offloading in FiWi-HetNets by leveraging WiFi Direct device-to-device (D2D) communications capabilities of mobile users that happen to be in each other's proximity. The remainder of the paper is structured as follows. In Section 2, we elaborate on FiWi-HetNets and describe WiFi Direct in technically greater detail. We present some preliminary results on smart WiFi offloading in FiWi-HetNets in Section 3. Section 4 finally concludes the paper.
SMART WIFI OFFLOADING IN FIWI-HETNETS
Complementing fast evolving HetNets with already widely deployed WiFi access points in addition to femtocells, which together are projected to carry over 60% of the global data traffic by 2015, represents a key aspect of the strategy of today's operators to offload mobile data traffic from their cellular networks [8] . Note that cellular LTE and WiFi radio access technologies have been in constant competition until recently when tighter integration of both technologies has emerged as a necessary paradigm [9] . HetNets are expected to be a cellular paradigm shift, which raises new research challenges. Among others, the so-called backhaul bottleneck, whose importance has not been recognized since most 4G LTE network research so far has been focusing on the achievable performance gains in the wireless front-end only without looking into the details of backhaul implementations and possible backhaul bottlenecks. From a 4G LTE network research point of view, a shift is required that recognizes the importance of the backhaul bottleneck [10] . Figure 2 depicts the network architecture of our considered FiWi enhanced LTE-A HetNets, integrating an Ethernet PON (EPON) based backhaul and LTE-A HetNets with support of D2D communications. The backhaul fiber network is realized by using a conventional EPON specified in IEEE standard 802.3ah or a recently standardized IEEE 802.3av 10G-EPON, operating at up-and downstream data rates of 1 Gb/s or 10 Gb/s, respectively. In the wireless front-end network, a macrocell evolved Node B (eNB) is used and femtocell eNBs and WiFi access points (APs) are randomly deployed, whereby their coverage areas may overlap with each other. In our architecture, each eNB and AP is served by a dedicated optical network unit (ONU) to interface with the fiber backhaul. We refer to these integrated units henceforth as eNB/ONU and AP/ONU, respectively. Furthermore, D2D communications is achieved by the use of WiFi Direct. LTE-A network operators have been showing renewed interest in D2D communications, which enables cellular user equipment in the proximity of each other to exchange information directly without involving the base station, leading to lower power consumption, increased throughput, and higher spectrum efficiency. Despite ongoing standardization for in-band D2D communications in LTE-A networks, it remains unclear what kinds of gains can be expected from in-band D2D solutions in comparison with the simple and already available WiFi Direct D2D technology, which operates on unlicensed (instead of expensive cellular) frequency bands at lower power consumption levels and data rates generally higher than cellular links [11] . Furthermore, WiFi Direct can be entirely implemented in software over legacy WiFi radios and is expected to have a significant impact [12] . Note that the vast majority of YouTube traffic is caused by only a few popular video files. Thus, if mobile users in proximity of each other share these files via a D2D link instead of downloading the video again from the backbone server, the massive traffic congestion of cellular networks due to mobile video viewings can be reduced significantly. Clearly, D2D communications represents a promising means to resolve the capacity issues of both LTE-A HetNets and mobile backhaul infrastructures compared to conventional (i.e., non-D2D) WiFi offloading in a cost-efficient manner.
Architecture

WiFi Direct Grouping via Q-learning
The aforementioned FiWi enhanced LTE-A HetNets architecture has to continuously adapt to various types of network dynamics, including cell service degradation, user mobility, fiber faults, WiFi Direct D2D link and group formations, among others. Taking these dynamic characteristics into account, we developed a formal statement of the involved WiFi Direct grouping problem and formulated it as a so-called Markov decision process (MDP) . In general, an MDP model is a discrete-time stochastic optimal control problem, which is used to perform a sequential decision process. In an MDP, an agent interacts with its environment through sensory perception and action. Through perception, the agent finds out the state and reward given by the environment. During the process of interaction between agent and environment, the agent selects the action in the current state. The environment responds to the action by entering a new state, resulting in a reward for the selected action of the agent. The agent's behaviour at any given time is defined by a certain policy. The policy maps the perceived states of the environment to actions that are to be taken when being in those states. At each time step, the agent implements a mapping of states to probabilities for selecting each possible action. The MDP specifies how the agent changes its policy as a result of its experience and the policy is transformed to maximize the reward.
In our WiFi Direct scenario, the main goal of the developed MDP is to find the optimal WiFi Direct grouping strategy. In order to solve the MDP, we applied the model-free method based on reinforcement learning, which does not require a priori knowledge of the state transition probabilities. The most popular model-free reinforcement learning technique is a Q-learning algorithm, which can be used as random action selection approach. The grouping algorithm can be viewed as a dynamic optimization problem embedded in a stochastic environment, whereby Q-learning is one of the effective ways to find a solution to this problem. In Q-learning, an agent aims at learning an optimal policy by repeatedly interacting with the environment in such a way that its performance expressed as a reward obtained from the environment is maximized or minimized. More specifically, in our considered WiFi Direct grouping scenario, a network-assistant procedure is necessary to determine whether the requested content (e.g., a video file) is available at other mobile users. Toward this end, eNB/ONUs and AP/ONUs need to maintain lists about previously downloaded content for their respective cells. When a listed video is requested by a single or multiple mobile users, eNB/ONUs and AP/ONUs help build a D2D connection (group) between the requesting user(s) and the user having a copy of the video.
RESULTS
In this section, we present simulation results for our proposed FiWi enhanced HetNets and WiFi Direct grouping algorithm. We assume that the network architecture consists of one macro eNB/ONU, 16 femto eNB/ONUs, and 15 AP/ONUs, which are randomly distributed across the coverage area of the macro eNB. Furthermore, we assume that all mobile user equipment have multi-radio capability for LTE-A, conventional WiFi, and WiFi Direct using IEEE 802.11n high-throughput WLAN technology. The fiber backhaul is assumed to be an IEEE 802.3av compliant 10G-EPON with 32 ONUs, each collocated with an eNB or AP. Figure 3 depicts the file transfer time versus the number of clients in the network requesting specific video files. We measured the average completion time for the file transfer of two videos with different size, 30 MBytes and 100 MBytes. We observe from Fig. 3 that the WiFi Direct based file transfer is able to achieve a significantly reduced delay. For the 100 MByte file transfer, the file transfer time of 250 s obtained with WiFi Direct exhibits a performance improvement of 160% compared to conventional WiFi transmission, which remains at around 650 s in the case of 500 clients. For the case of 30 MByte video file transmissions, an increase in file transfer time up to 200 s is observed for the largest number of clients for WiFi, while the completion time of WiFi Direct is as low as 200 s. These performance differences are due to the fact that conventional WiFi transmission involves additional overhead procedures, as opposed to WiFi Direct. Specifically, control signalling overhead between the video server and AP takes place via the backhaul network before the server delivers the requested video file to the requesting mobile users. In addition, packets coming from the video server have to be routed end-to-end across network components until they arrive at the destination. When the file is transmitted to the users, it is controlled by the downstream scheduling mechanism in the optical line terminal (OLT) of the 10G-EPON, generally competing with other downstream traffic. In contrast, the file delivery via WiFi Direct does not involve the above overhead procedures. Mobile clients only have to perform the group formation setup among them with the assistance of the FiWi network. As a result, D2D links help reduce file transfer times significantly as well as decrease processing time. 
CONCLUSIONS
LTE-A network operators have been showing renewed interest in D2D communications. D2D communications holds great promise to resolve the capacity issues of both LTE-A HetNets and mobile backhaul infrastructures compared to conventional (non-D2D) WiFi offloading. We developed a Markov decision process (MDP) to find the optimal WiFi Direct grouping strategy in FiWi enhanced LTE-A HetNets and solved it by applying Qlearning techniques. By means of simulations we have shown that the file transfer time via WiFi Direct provides a 160% improvement over WiFi offloading for the delivery of a 100 MByte video file among 500 mobile users.
